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1,0 INTRCDUCTION

This study considers the problems of designing multicouplers that
are free from the problems of corona, multipaction, and instability.
The feasibility, advantages, and disadvantages of design techniques which

have been used in the past are included in this study.

The problems of corona discharge exist from sea level down to a
pressure of about 10-5 Torr. Multipaction discharge, on the other hand,
can only occur below a pressure of 10- 2 Torr, where the gap width is much
less than the mean Zree path of an electron. For rf multicouplers
operating at frequencies greater than 200 MHz, the criterion for corona
breakdown is reterminec by the diffusion processes of electrons in the gap
created by ionization of gas molecules. For multipacting, electrons
emitted by secondary emission at the electrodes taxe part in an electron
resonance phenomena, where both the magnitude of the field and the phase

of the electron motion with respect to the electric field are important.

In this study both mechanical and electrical approaches are investigated
in order to eliminate the breakdown problems discussed. It is one objective
of this study not to repeat the material presented on gaseous breakdown by
Rainwater [87, or that on multipacting breakdown by Kozakoff [97, but
rather to compliment and tie together those previous studies, showing how

the results are applicable to practical multicoupler design problems.

Table 1-1 summarizes various breakdown suppression techniques studied.
While it is seen that pressurization or limiting transmitter power will
insure neither corona nor multipactor breakdowns, these are not really
solutions to the problem. The cnly two areas that chow real promise of
solving both corona and multipactor breakdown are in the areas of dielectric
loading of the cavities or higher order mode operation. These are discussed

in detail in the appropriate sections of this report.
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Table 1-1 Summarvy of Breakdown Suppression Techniques

Technique (orona Multipactor

Mechanical Approaches

A, Pressurization of Cavity X X
Be Thick or thin film coatings X
C. Dielectric loading of cavity X X ‘
D. Control of fd product X
E. Control of center conductor P
radius

Electrical Approaches

A, Limit transmitter power X P
B. Minimize Q of cavity P

C. Minimize Z0 of cavity P

D. Application of dc bias X
E. Higher order mode operation P X

(Non TEM modes)

X = Breakdown suppression possible

P = Very limited breakdown suppression possible
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2.0 COROMA BREAKDOWN R

2.1 Ceneral

The term corona refers to a low current gas discharge. 1In its
strictest usage, corona applies to a partial breakdown caused by high fields
at one electrode, but no current necessa:’ly bridges the gap between the

electrodes. 1In this case the principal result is a reactive effect on the

EPPRRPEEPEE SR e Y LS VL I VIR

electrical circuit.

Lo uam

A brief physical description of this phenomena is as follows: if there
is a strong electric field, free electrons in the gas near the positive
electrode move toward it. The electrons gain energy rapidly from the intense

electric field and they produce many free ions in a small volume near the

EEPPP ERNT S

anode. When the ions get sufficiently numerous, a positive streamer moves
outward from the electrode. Such streamers give a characteristic brush-

like appearance, bright blue in color. 1f the fields get higher, the
streamers propagate further toward the cathode. When they reach the cathode
with enough intensity a spark results, followed by a glow, arc, or extinction,

depending on the discharge conditions.

The approach taken in the literature to determine corona breakdown R
thresholds at microwave frequencies is based on the solution of Boltzman's
differential equation for the diffusion of electrons in an jonized gas.
At high frequency practically none of the electrons generated by corona
are collected at the anode; electrons are lost mainly by diffusion to the
container walls and electrodes, and by recombination with positive ions.

The criterion for breakdown is determined by the balance of the rate of

electron generation with the rate of loss by diffusion processes. When

the gain of electrons from ionization exceeds the electron losses, breakdown occurs.

A

A corona discharge can chemically degrade surfaces and raise electrical
losses. More often, electrical performance degradation may occur as a
result of impedance changes due to the ionized plasma, detuning tuned

cavities, heating of surfaces, and possible transition from a corona to

a gas discharge type breakdown.




2.2 Design Techniques to Reduce Corona Susceptibility

In the following subsections, electrical and mechanical design approaches
are investigated which result in elimination of corona and gas discharge type

breakdowns.

2.2.1 Electrical

Suppression of corona or gas breakdown in microwave cavities depends
on a good understanding of the electrical phenomena governing breakdown,
The analytical approach taken in the literature addresses the problem from
the standpoint of diffusion processes of the free electrons liberated by

ionization as the result of aigh electric accelerating fields.

The rate at which the electron concentration is changing is given in

terms of the ionization and attachment rates, vj and v,, respectively, via

dn

D
-d—t- = (Vi -V - -A-z\n (2'1)

where D is the diffusion coefficient and A the characteristic diffusion
length. This shows that the rate of change of electron concaniration
depends on the difference between the rate at which electrons are being
produced by ionization of gas atoms by the accelerating electric field
minus the rate at which electrons are being lost due to the attachment of
electrons to neutral molecules and diffusion of electrons into the walls of
the cavity. The process of recombination is another phenomenon whereby
free electrons are removed from a discharge, but it has been found that at

microwave frequencies recombination is negligible.

Integrating equation (2-1) gives an expression for the tctal electron

concentration

2
o ovi- Ve - D/ADE (2-2)

When the gain in electron density due to ionization of the gas becomes equal

to or exceeds the loss of electrons, a gas discharge occurs. At breakdown




vi -v, -D/¥= 0 (2-3)
or
v = v - v. = D/A? (2-4)
a i
from which we define the breakdown coundition as
, 2
vA = DA/A . (2-5)

At this point, it is necessary to resort to experimental data to arrive
at a numerical solution. In figure 2-1 is plotted experimental data LB]
by which v\ may be evaluated, knowing EX and pA. An expression for diffusion

coefficient was derived by MacDonald [6]

4 E A
Al = 1‘—0— 29 + 0.9 "'_‘————A_-—z . (2 6)
P (pA) 2+ (35.6)

It'is can be expressed as

9& = 10“ [A]z * 1_

29 + 0.9 -
A? MR { J(;mz « (356)°

4 1A e
o [4°e

The equilibrium equation (2-5) is equivalent to

EX } (2-7)

2 .
W > 10° R] g (2-8)

The function S is plotted as a function of pA where EA is taken as a parameter,
in figure 2-2. It is obvious that a graphical sclution to breakdown may

be obtained by superimposing figures 2-1 and 2-2, noting equatior '2-7).

However, since the objective is to design multicouplers and other

microwave devices which will not breakdown at critical pressure, the need

exists only to examine the worst critical breakdown case for which equation (2-%)
is an identity. The pA 2t which the E field at breakdown is at its lowest

fcr a given gap width is approximately pA = 15. Froem figures 2-1 and 2-2

!.
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a plot of E versys A/A can be obtained for pA = 15, A straight line

approximation is given by the following equation (E is RMS)
EA = 2145.14 + 20 A/A . (2-9)
For coaxial cavities, fron Rainwaters [8] Yesults,

- (2-10)
A= b-a

The diffusion coefficient R js g function of the b/a ratio, but varies
over a very limited range over all possible values of (b/a). A good
es*imate is about 3.1, hence
EX = 2145,14 + 62,0 A
hTee *" b-a ’ (2-11)
In appendix A an €xpression for E wag derived,

V sin kz .
2-12)
r In (b/a) (2-12

which has a maximum value of

. (2-13) :

From equations (2-11) and (2-13) the maximumr peak cavity voltage is

3033.08 a In(t/a) + -in (bra) a8,

V= X (b/a - 1 (2-14)

Evaluating this for the case of highest Q, b/a = 3.65, and at VHF (250 MHz)
the following relation is found vhich is plotted in figure 2.3

- V=33.235+ 41,86 (2-15)

Using the relation derived in appendix A, this can also be expressed in terms

of power as shown in figure 2-4. S_pang computations of breakdown vnltage and

- respectively,
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2.2.2 Mechanical

Since points of sharp edges produce high electric fields in the

vicinity, they should be avoided at the mechanical design phase. lo

2 e b

illustrate, consider a rounded electrode with a 1 cm radius of curvature
with applied potentials such that the electrical field near the electrode

is 200 volts/cm. If the position is kept fixed and the radius of a curvature
is reduced to 1 mm, the electric field becouws 20 000 volts/cm without any

change in applied voltage.

The electrical analysis presented prior and in appendices A and B

suggests use of low Q and mechanically large structures to lower electric
field strengths for a required power handling capability. As such, this

implies smali (b/a) ratios, and large a.

2 e T A R

2.3 Conclusions

1

Good engineering practice suggests that smooth surfaces and elimination
of all sharp edges and points is a first design step toward elimination of

corona breakdown problems.

For unvented multicouplers which are required te function at critical
pressure, there are several optioans to maximize power handling capability.
First, all radii should be maximized in accordance with figures 2-4 and
2.6. Secondly, since lower Q cavities have higher breakdown power levels
than high Q cavities, low Q sections may be cascaded to obtain a desired
higher Q while maintaining the nigh breakdown power level of the single
iow Q section. The total Q of N cascaded filter sections is related to

the Q of a single section via the formula

Qe = Q_ (2-16)

, 2l/N ) )

where Q is the loaded Q of a single section. The function Q. /Q is plotted

as a function of N in figure 2-7. The practical limit to the number of
sections which can be cascaded is determined on the basis of the insertion
loss of each individual section and the total insertion loss which can be

tolerated in the system.

13
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3.0 MULTIPACTOR BREAKDOWN

3.1 General

In a multipactor breakdown, secondary electrons produced at one surface
are accelerated across to another in a half cycle of the applied rf field.
Upeon striking the electrode new secondary electrons are created which are
accelerated back across the gap during the next half cycle. Multipacting
breakdown is a function of the voltage rather than a function of the field
strength, as is the case in gas breakdown. In addition, multipacting
breakdown is governed by the phase of the electron motion with respect to
the field and by the nature of the wall materials since the electron

production depends on secondary emission.

The pressure at which a multipacting discharge can occur is not
important as long as the electron mean free path is large compared to the

dimensions of the rf system; generally this will occur below 10-2 Torr.

Although a multipacting discharge is a fairly high impedance type
discharge, the electrical effects on high Q microwave cavities can result
in significant change in VSWR as well as detuning. Furthermore, localized
heating can produce outgassing and resultant transition to the more serious

gas discharge which is a low impedance type discharge.
3.2 Design Techniques to Reduce Multipactor Susceptibility

3.2.1 Mechanical

Certain mechanical parameters enter into the multipactor resonance
such as the geometry of the multicoupler or microwave cavity. Also, the
conditions for secondary emission from the surfaces are governed by tae
material, surface conditions, and voltage. In the following subsections
design approaches are investigated which suppress multipactor breakdown on

the basis of control of important physical parameters of the design.

1R R X W i 8
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i.b o Control of “fd“ Product

Multipactor resonance 0cCcCurs when the electron transit time is

conint with the ¢ pplied rf field, or one of its harmonics. A theoretical

¢ of “reakdown voltage versus fd for the parallel plate case is shown

fipure 3-1, where the three lowest order multipacting mode regions are

Woo Lll] has shown the minimum breakdown voltage for the coaxial

EAE T TS R N

tieated,

~» to be higher in general than for the parallel plate case, and specifically,

S A

results essentially identical when the inner to outer conductor spacil.,

very small.

Woo's results are valuable since they permit the use of the parallel :

to obtain a lower limit on multipacting voltage
e difference between

ate data of figure 3-1
o coaxial cavities. If spacing d is interpreted to be th
oy and inner radii, (b-a), then a defined lower bound on multipactor :

sceptibility voltage for coaxial cavities can be plotted as is also shown

figure 3-1.
The equation for this voltage in terms of the frequency-gap spacing

«inet is given by

£+ (boa) = 0.894 vi-176 (3-1)

Gore © is in MHz and b and a are in centimeters. At rf operating voltages

tow this voltage, multipacting cannot occur.

In appendix A an expression relating peak cavity voltage to cavity

metry and electrical parameters is derived. That is,

(3-2)

2QnP 1n (b/a)

e

v

here P is the operating power level, (b/a) the outer to inner radius racio,

and () the loaded Q of the cavity. A computer program was written (appendix ¢)
equations (3-1) and (3-2) to relate multicoupler breakdown

That is, for an f£-(b-a) ratio equal
This

incorporating
power tevel to minimum f-(b-a) product.

1o or greater than the computed values, multipacting cannot occur.
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daia 1s piotted in figures 3-2 through 3-4 for (b/a) ratios of 1.65,
2,72, and 3.5, respectively. The reason why these (b/a) ratios were selected
for computation is illustrated in figure 3-5, where it is shown that a (b/a)
ratio of 1.65 results in a coaxial cavity with highest power handling
capability, a (b/a) ratio of 2.72 results in highest internal voltage
(actually a worst case), and finally, a (b/a) ratio of 3.5 will result in

a cavity of lowest internal losses, and hence, highest Q.

3.2,1,2 Control of Secondary Emission

One method of suppressing multipacting is to employ surfaces which
have secondary emission coefficients less than unity. Also, the secondary
emission ratio of metal surfaces may be spoiled by use of dieiectri
coatings or by choice of plating metals with low secondary emission ratios.
The maximum secondary emission coefficierts and the energy of the incident
electrons in electron volts at which the maximum coefficient of secondary
emission appears are shown in table 3-1 for a number nf elements. In this
table, V; and Vgl are respectively, the lower and higher voltage for which

the coefficient of secondary emission is equal to one.

What is interesting from this table is that although many metals
have maximum coefficients of secondary emission much greater than unity,
operating at voltages less than V; multipacting cannot be supported on
the basis of secondary emission. For instance, for copper, V; = 220 volts.
Thus, below this voltage multipacting cannot occur because the secondary

emission coefficient is less than unity.

Seemingly this would offer one solution to the multipacting problem.
However, maintaining a pure metal surface finish is difficult since the
rapid formation of the metal oxides and other surface contaminations
rapidly occurs, which increases the coefficient of secondary emission. Table
3=2 illustrates coefficients of secondary electron emission for some
compounds. As is typical of compounds, it is found that, in general, metallic
oxides have much higher coefficients than the pure metal. Note comparative
values of aluminum oxide and aluminum in the two tables. This means that any

cxidation of a surface will tend to make multipacting more likely, an
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Table 3-1. lMaximum Secondary Electron Emission
Yield 8 max, and Corresponding V (max)
for Different Elements [4] pimazjs
] ! II
Element max Vp (max) Vp Vp

Ag 1.5 800 100 -
Al 1. 0 300 - -
Au 1. 46 750 100 -
B 1.2 150 80 350
Ra 0. 83 L}OO - -
Bi 1.15 550 200 1600
Re 0, 53 200 - -
C 1.0 300 250 275
Cd 1.1 400 300 700
Co 1.2 700 300 -
Cs 0.72 400 - -
Cu 143 500 220 -
Fe 1.3 350 100 1400
Ge 1.2 400 150 1300
K 0.75 200 - -
Li 0«5 85 - -
Mg 0 .95 300 - -
Mo 1 .25 375 150 1350
Mb 1.2 375 150 1100
Ni 143 550 150 1700
Pb 1.l 500 250 1000
Pd 1 J3% 250% 125 -
Pt 1.8 800 175 -
Rb 09 350 - -
Si 1.1 250 90 700
Sn 1. 35 500 180 -
T1 0+9 280 - -
v 1ok 700 200 -
Zr 1.1 350 180 -

# §= 143 at Vp = 250 V is not maximum value of & .
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Table 3-2. "awimum Yields From Same Yat il o7y (4]
atal dirax To o v, v,
Lompoundr ‘(V{ " (ﬁ
1iF e 2
NaT a7 20
NaCl £,9 15
Mol 4 o0
o 705 1D
RECL Ze°
olaton ] £af
NaTr 5.5
¥ 5¢5 1?2
oo O 2.3 to
“ 1?
7bC?3 5 to 375 10
£e3 1 20
CJFQ 3.2
new L, g
¥ 5
2B 2,0k 2000
e 2.0 1500
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RatC 2.7 VARG
nAC LR hno
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273 LA 1200
micn 2.4 390 30 5300
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important consideration in practical devices that may be exposed to oxygen

before use in a vacuum. Also, organic deposits such as oil on a surface

tend to reduce the minimum threshold voltage sharply. For instance, recent
data indicates the breakdown voltage for a gold surface was reduced from
180 volts to approximately 23 volts when an oil film was deposited on the

surface.

If the surface cleanliness of the parts can be maintained, and
cavities pressurized with an inert gas to prevent contamination of pure
metal, minimum susceptibility to multipacting will be experienced. If
the inert gas leaked out in a space vacuum, it would not be a problem
since its only purpose was to prevent atmospheric leakage into the cavity,

with resulting surface contamination, while at sea level.

Plating cavity walls with pure metals or compounds with coefficients
of secondary emmissions less than unity seems a credible approach; however,
these may have poor electrical conductivity at microwave frequencies. This
will not be a problem if the coating or plating thickness is much less than

a skin depth at the rf frequency.

The film thickness necessary for the suppression of multipacting is
dependent on the penetration depth of electrons involved in the discharge.
At microwave freaquencies the penetration will be small since maximum energy
gained by an electron accelerated in an rf field is limited to that gained
in one-half cycle. Thus, a film of a few hundred angstroms should be thick
enough to suppress secondaries at the power levels of interest. To illustrate
the order of magnitude oi skin depth of common metals, a few are plotted in
figure 3-6.

A lamp black coating was used successfully by Nanevicz and Vance to
prevent multipacting. The use of carbon and lamp black was rejected because of
the difficulty of obtaining and maintaining the thin films necessary to keep the
rf losses to an acceptable level, together with the possibility that such thin

films would be hard to control in an oxidizing acmosphere.
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It was found that multipaciing can be eliminated bv coating the
window of a waveguide surface bv evaporating titanium in a vacuum or sputtering

titanium monoxide in an argon or mercury atmosphere. This process was found

satisfactory on waveguide windows. It is not known if the titanium moaoxide

can be successfully used for gap width and voltage of the magnitude which

el 40 alel M e ot

is present in a coaxial cavity. Presently, there is insufficient information
available to determine what compounds, and under what circumstances, they

will or will not support a multipacting discharge.

3.2.1.3 Potting or Foaming

In order to establish a multipactor discharge, the mean free path
of an electron must be long enough to permit the electron to be accelerated
between the two surfaces with a low probability of coilision with ambient
atoms or molecules. Potting or foaming can reduce mean free path lengths "

to negligible values, thus preventing multipacting.

Great care must be taken when applying potting or foaming compounds

to make sure that no voids are formed which are larger than the mean free path

of the electrons in the voids. Failure to eliminate these voids in the
compound may cause a corona discharge in the void. This discharge will lead
to both physizal and chemical deterioration, with ultimate electrical treak-

down. .

Since the dissipation factor or loss tangent of potting or foaming
compound is higher than air, the Q of the cavity is changed. The-efore,
when a cavity is foamed or potted, the complete circuit must be returned.
The use of foam potting in high-voltage equipment is not recommended. The
reason for this is there is no way to predict how long the outgassing of a
foam will take. So when high voltages are applied, a corona discharge
occurs. In general, the harder the material the less likely a corona
discharge will occur. Potting compound, being a harder material, is therefore
more satisfactory. Polyurethane, silicone rubber, and epoxy resins are

frequently used as potting compounds.
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3,2.2 Electrical Design

3.2.2.1 Application of DC Bias

If a dc voltage, ia addivion to the rf voltage, is applied to the
multipactor discharge gap, the electron transit time will be shorter in one

direction and longer in the opposite direction. It has been demonstrated

B DRI I 4

thot in addition to the two-sided modes in which the electron crosses the
gap and strikes the opposite electrode, there exists a one-sided mode in which :

the electron is carried away from the positive electrode by the rf field

snma g

when the rf and dc fields are opposing and driven back to the electrode from

which it was emitted during the next half cycle when the rf field aids the

T SN

dc field. By raising the bias enough to cause a significant difference in
transit times, it is possible to prevent either a stable single-or double-sided
multipacting discharge. By considering the phase stability of the discharge,

the amount of bias needed to eliminate multipacting is given in the following

equations:
for the n = 1 (% cycle) multipactor mode
v, = 9.3 (wd)? , (3.3)
dc T (e/m)
for the n = 3 (3/2 cycle) multipactor mode g
0,12  (wd)?
Vae T Tr (e/m) ’ (3-4)
and for the n = 5 (5/2 cycle) multipacting mode
0.07 (wd)2 .
vdc S Tr (e/m) ) (3-3) 5

This information is shown in figure 3.7 where A is the dc bias
voltage needed to suppresc multipacting formode 1. B and C are the dc
bias voltages required to suppress multipacting inmodes 3 and 5 respectively.
Note that the dc bias required to suppress the n = 1 mode will be adequate to

suppress all higher modes.
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For coaxial electrodes, the effect of the nonuniformity of the
electric field is to slow down electrons traveling in the inward radial
direction between the coaxial electrodes and to hasten the electrons traveling
in the outward radial direction. Application of a small positive dc
veitage to the electrodes produces the reverse effect. With an increase in
dc voltage the effective b/a ratio is therefore reduced, and from the
results brought out in the preceding paragraphs, the rf breakdown voltage
would decrease. The effect of dc bias on a coaxial multipactor is illustrated

in figure 3-8.

In that figure an expected decrease in rf breakdown voltage is seen
going from A to B, 1f the dc voitage is further increasel, a nonuniform
situation is created, whereby electrons traveling in the irward radial
direction are hastened and electrons traveling in the outward radial direction
are slowed down. Between B and C, the rf breakdown voltage will, therefore,
increase with an increase in dc voltage. At C the dc voltage is high enough
to prevent eclectrons from reaching the outer electrode, and one-sided multi-
pacting against the inner electrode results. The fact that this multipacting
mode occurs was ~onfirmed by replacing the outer electrode with a mesh
electrode. At D the multipacting mode returns to the two-sided mode.

Arguments similar to those above explain the increase and decrease
of rf breakdown voltage when a negative dc voltage is added. Similar
results were obtained with other b/a cases. Because of this property of
the discharge, the use of dc bias to prevent multipactor discharges requires
careful consideration, since insufficient bias, or partial failure of the
bias system, can result in a lower rf breakdown voltage than would be
obtained in the absence of bias. Also,its effect on the circuit elements
should be considered. Because the one-sided discharge is predominantly
reactive (in the uniform field case), the reactive loading associated with
the discharge can detune resonant rf circuits, thereby seriously degrading

the performance of the rf system.
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3.2.2.2 Control of Peak Voltage

An equation for the multipacting breakdown voltage derived by
Hughes Aircraft [10] is given by

C2m? (£d)? 1

(e/m) éf% mcos ¢+ 2sin ¢

(3-6)

where the parameters K and ¢ are determined by experimental observation for

a discharge. Specifically,

K = ratio of electron velocity as it strikes electrode¢ to normal

velocity component of secondary electrons.

It is seen from the resonance equation that breakdown voltage is closely a
function of the fd product. Figure 3-1 gives the minimum ¢f voltage versus
fd product beiow which multipacting cannot occur. From the previous section
on the control of f£d product and Appendix A, the peak rf voltage in the
coaxial cavity can be found for a given power, b/a ratio, and loaded cavity
Q. This information is given in figures 3-9, 3-10 and 3-11. For a given

fd product this voltage (V) is found by

v =1.1186 (£a)°8°

3.3 Conclusions

Although thick and thin film coatings, potting, foaming, and dc bias ave
shown to be credible approaches to suppressing sultipactor resoarance, control
of cavity geometry is found to be the best approach, The minimum fd product
to prevent multipactor for an expected peak cavity voltage is given by
equation (3-1). This voltage is evaluated in terms of cavity power and Q

in figures 3-9 through 3-11.
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4.0 FACTORS WHICH AFFECT STABILITY OF MULTICOUPLERS

Various complex electrical and mechanical factors enter into the stability
of high Q multicoupler cavities.

Spacifically, there are two conditions
of special

interest in investigating stability: under normal ambient operating
conditions and under breakdown conditions.

To facilitate anaivsis of cavity stability, the electrical equivalent
circuit of a TEM mode ccaxial cavity shown in figure 4-1 is adopted.

For this
model, the inductance is taken as that obtained by looking into a short circuited

transmission line of characteristic impedance Zo and length L less than a quarter
wavelength long, namely

Xy = -3Z, tan kL

(4-1)

where k = 21/A. At resonance, the tuning capacitor value is computed on the
basis of

jXc ==jXL = 2

o tan kL (4-2)
from which
C= 1
@z, tan kL (4-3)
For this model, the unloaded Q can be computed from the circuit relation
= 1 (4-4)
° w, CR
where R ig found .on the basis of I?R losses in the cavity walls. This was
evaluated in Appendix A and given by the formula
2b 1n (b/a)
- . 4-
%= T+ b/a) (4-5

In the following subsections, the problem of cavity stability based on this
electrical model will be addressed.

4,1 Stability Under Ambient Conditions

The frequency stability of coaxial cavities under ambient conditions is
closely dependent on temperaturs changes.

From Appendix D, it is shown that
differential thermal expansion of the center conductor is related to temperature

change and the coefficient of linear expansion of the center conductor metal, O
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via

AL=La AT . (4-6)

This can be related to a change in resonant frequency of the cavity by assuming

L+AL =L (1 +a3AT)x A (4-7)
4
59 (1 + aAT) = A (4-8)
4 A
4
from which
Ao _f _ __ 1 __
DU £, 1 + a AT (4-9)
£=1_ (1+aAD -l ; (4-10)
then !
-d—f—= -2¢ - \
4T £ (1 + aAT) (4-11) E
where k
AT = (T-T) . i
o '

Optimum stability of the microwave cavity is obtained via the following two

steps:

A. Use materials to minimize the thermal expansion per equation (4-6):

« should be small ,

B. Pick tuning capacitors with an inverse temperature drift coefficient
as that given by equation (4-11) when evaluated under the maximum

expected AT condition. '
4.2 Stability Under Breakdown Conditions

In Appendix D the frequency shifts expected as the result of breakdown
are investigated. For multipactor power levels which are typically in the
order of 20 mw/ctu2 the frequency shift due to breakdown heating is less than
n.5 percent a negligibie value.
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What is probably more deleterious is the impedance effect of a breakdown

W N 4

on the electrical model of the cavity shown in figure 4-1. Since a corona or
gas discharge is a very low impedance arc, the effect on the electrical model
would be to series Ry with a very high value resistor, thus greatly mismatching
the input along with a high internal loss due to the arc. As such, this

must be interpreted as a total failure, and it is irrelevant to discuss

stabilicy for this breakdown mode.

On the other hand, a multipactor breakdown is not necessarily a total
failure. If a cavity is viewed as a parallel LC resonant tank circuit, the
effect of a multipactor is to parallel this model with an RC combination. The
R will lower the loaded Q of the cavity and the C will detune the cavity.

Depending on initial Q and tuning capacitor value, the effecct might be tolerated

without significant alteration to system operation.
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5.0 RECOMMENDATION FOR DESICN OF MULTICCUPLERS

In this section the results of this study are summarized. To review,
the objective was to determine the design procedures necessary to Suppress
both multipactor breakdown in a space vacuum and gas breakdown at critical
pressure, 1t was found that multipactor resonance can be adequately sup-

pressed on the basis of judicious choice of a minimum f(b-a) product,

while the requirements to suppress corona breakdown are far more stringent.

Since at critical pressure, the corona threshold is only a function of
electrical field strength, the only choice the designer has is to use low
impedance and low Q circuits in order to minimize the electric field
strength for a given power handling requirement. Even these approaches
are limited and do not guarantee that the desired power handling require-

ment can be achieved.

In figure 5-1 a flow chart illustrates the procedures the designer
must utilize in order to design multicouplers which are least susceptible
to multipactor and corona breakdown. The application to a practical

protlem is illustrated in Appendix E.
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APPENDIX A

COMPUTATION OF MAXIMUM CAVITY VOLTAGE
AS A FUNCTION OF POWER AND LOADED Q




The objective of this appendix is to derive relations for coaxial
cavity electromagnetic fields that are not readily available in the

technical literature.
MATIIEMATICAL DEVE] OPMENT

A solution to the problem of peak cavity voltage in terms of cavity
parameters is posesd based on an electromagnetic field theory type solution.
The development begins with a restatement of Maxwell's equations, namely

(A-1) VxE = - jwui
(A-2) UxH = jweE )
(A-3) V'B=VD=0

and the auxiliary relations
(A-4) B = a4
(A-5) D= ¢E .

Only the condition for the doninant TEM mode is considered in this solution.

With the a-priori knowledge that the only TEM field components existing in the
principal coexial msode are the E. and Hy field components, further assume that
they are functions of the radius r. On this basis, the electromsgnetic field

inside a coaxial structure may be assumed to consist of wave projegation of
the general form

(A-6) Es= E.(r) exp (-jkz)
and
(A-7) He Hg(r) exp (-jks) .

With this assumption, 1t 1s readily shown that (A-1) reduces to

(A-8) UxE = jki,-(r) exp (-jkg) = -]A’“i’(l‘) oxp (-jkz)
(A-9) L = iy - V/? "o
(A-10) Le = 9Hg

vhere ¥ is the wave impedance, 1207 ohms in free space. Exp(jks) propagstion
and exp(jwt) time variation is implicit in these oquations.

A-)




e & e .

Now assume that the peak electrical field magnitude can be taken as the gradient
of a scalar potential field
(A-11) E=s -W

for which the Laplacian

(A-12) vdv = 0 .

Now to compute the forwm of V which will satisfy (A-12). This is especially
simplified since V is assumed to be 9 invariant. Solution to the Laplacian

in cylindrical coordinates ts as follows:

(A-13) Pval g— (r%!) =0
r Or r
(A-14) (r g'!) s C
r 1
(A-15) al-g
ar
(A-16) Ve Cl in1 ¢ C2
at r = a
(A-17) v-cl lnn*CZ-O
at r=b
(A-18) Vs Cl Inb ¢ C2 = Vo .

The arbitrary coefficients of the differential equation can now be solved

(A-19) Cl = |y .V

na in(b/a)

= Vo lngs
in (b/a)

(A-202)

from which

(A-21)




Now since E is the gradiant of V,

- Vo

(A-22) Br = - —2m) exp(-ske) ;

similarly, from (A-22) and (A-10),

(A-23) Hyp = - exp(- jkz) .

Va___

#r In(b/a)
The problem for the coaxial resonator is now formulated by assuming the

intemnal electromsgnetic fields are composed of forward and reverse propagating

waves. Therefore, on the basis of the right hand rule

(A-24) E,=Eyp -E
Vo . Vo
= T 1o/a) *XPO-IKE) Ty /ey %P k2D
; z 2V exp(fkz) - exp(-ikz)|l o J 2V Sin kz
(A-25) Er ® rin(b/a) 73 r In(b/a)
and for the magnetic field component, H,
-— -t -y
{A-26) Hgp = He * Ho
- —Va_ exp(- jkeg) * Va exp(*fkz)
r In(b/a) r In(b/a)
_ .2V exp(ikg) * exp(-fkg)| -2 Vo Cos Xz
(A-27) Hy = 'm/.) [ 2 nr ln(b/a) ’

Teking V = 2V, = the maximua cavity voltage sagnitude, the magnitudes of the
electric and magnetic fields inside the cavity are taken to be

vV 8in ks
(A-28) Er * T in(b/a)
vV _Cos ks
(A-29) Hy = ar in(b/a) :

Prom these, cavity Q can be computed. The total stored energy inside the
cavity is evaluated via the volume integral

Ae)




" (A-30)

[ pH dv-f’[/ﬂizdv H
volume uine
then
V Sin kz 2
? (A-31) v .fff( [r n (b/a)] v drd?® dz

i volume -~

[]

i

) (A-32) 2 2
& Sin k=2

U = -i__——_ s LLENES 13 drdw dz

Iln (b/a) [/f r

¥

i

: 2

: €MLYV

(A-33) U= 1nib/a)

The total power dissipated in the cavity is approximately that dissipated
in the side walls and center conductor of the cavity, excluding the ends,

and may be evaluated via the surface integral

(A-34) Pd-/ (—}5- H¢d| *f[a%ug ds

center conductor outer wall

L 29

2
V Cos kz
(A-39%) ][ [" 5 ln(b/.)] bd¢ dz
2
‘! Cos kg
/’/‘53' [ﬂn ln(b/l)] ad¢ dz

2
; (A-36) Pd = ny? + BY 3
{ 700 b 1n®(b/a) 1700 & Ln°(b/a)
, |
n R LR T/ :
(A-37) pa = V.. deba -—1—79-1 . :
1?08 1n’ra) ° 1 106 1n’ (b/a) .
The basic definition for unloaded cavity Q, Q,. is as follows: J
.‘;.J
(A-38) Q * ‘i':L

Ay




[

vhere once again, U is the stoved anergy,

power inside the cavity. Then

{A-39)

but

(A-40)

therefore,

(A-41)

(A-42)

Qo * In(b/a)

wen W | b6 10’ (b/e)
mv: (1 + b/a)

_ wegtTin(b/a) , Wy OO In (b/a)
(1 + b/a) (1 *+ b/a)

1
0 'J%w '

. b In(b/a)
Q, * 2"‘“041&#0 (1 + b/a)

-v'mn . 2b ln(b/a)
(1 *+ bla)

Q= b In(b/a) .
o 5 + b/a)

This agrees exactly with equation (7.21) in Ginzton [1].

and Pd is the average dissipated

The problem of loaded Q {s attacked by noting the external ( is related to

output power via

wy
(A-43) Uxt “ Pa

ve also note the relation

(A-44) — . =

from which

(A-45) QL L Q.It (l . g%) =

A-3




- o oo

P

Incorporating equation (A-33)

2
- WETLV . QL .
(A-46) QL P, ln(b/a) (1 o)

For a cuarter wavelength cavity, equation (A-46) can be solved with the

following result

(A-47) va [2Po T Q in(b/a) )
n? (1 . gk)

o

For a small loaded to unloaded Q ratio, the termm QL/Q, in the denominator

can be ignored.

Since the characteristic impedance for a coaxia' line is given by the relation
60

(A-48) Zy = e In(b/a) ,
v

then equation (A-47) may also be expressed via

(A-49)

€rom which is shown that peak cavity voltage is proportional to both Q and Zo.

The rosults of this derivation are plotted in figures 3-9, 3-10, and
3-11, of the main text of this report.
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APPENDIX B

COMPUTATION OF MAXIMUM CAVITY VOLTAGES
AS A FUNCTION OF POWER LEVEL AND LOADED Q,
NON-TEM MODES

p- =,




The objective of this appendix is to investigate higher order modes
which may exist in coaxial resonators, and subsequently, derive electro-
magnetic field relations in terms of power level and Q. This mathematical

development is not currently available in the technical literature.

MATHEMATICAL DZVELOPMENT

The desired solution is obtained via rigorous solutions of the field
equations. Starting with Maxwell,

1 (B-1) YB=V.D=0 |,
i
5 (B-2) VxE=-jwpd ,
and .
; (B-3) VxH= JweE
;.
§
] then
(B-4) VxVxE=-jwpV x H = - jwp (Jwe E)

FucE=k’E .

By vector relation:

e S © RPN TP
]

(B-5) VxVxEs=vv.D -v2E,
we get
; (B-6) vVE=K2E
similarly
(B-7) Vs x2F .

Now for non-TFM modes in coaxial line, it is recognized that the three-dimensional
V2 may be broken up into two parts,

2
dz?

B-1
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By assuming propagation as e-yZ in the Z-direction

2
(B-9) 5322':72 .
Hence, for electric field components
(B-10) VE = VVE ¢+ E= &’ E
from which
(B-11) vE - F i alE
similarly,
(B-12) V= -of e W =l
from which |
(B-13) ki = (72 + k%) = 72 + wzpt , ‘
(B-14) ¥ = kz %2 = kz wfue

(B-15) Y= Jki .wz,te .

Above cutoff, ¥ must be an imaginary number.

The coaxial line problem can now be addressed by noting that the two-dimensional

Vt may be written in terms of cylindrical coordinates.

For ™ waves Hz = 0 and

2
(B-16) vt Ez a EZ +% BEZ + 1 . Az Ez = -kz E

3e2 Br = -g—z' c 'z

¢
For TE waves E, = 0 and
2

a2,

AT

In order to obtain two ordinary differential cquations, solve for the trans-
verse field components by assuming a product solution and separate variables.

B-2
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Assume a product solution of the following forms:

tor TM modes H7 -~ 0 and

(B-18) E, = R'Fy :
!

tor TE modes EZ - 0 and t
5

(B-19) H, = RFy :

where R is a functioa of r only, and F@ a function of ¢ only. g

On this basis (B-16) or (B-17) becomes

b

~20) " + R + F
(B-207 RFJ) R' "9 1-$R=-k RF
T ';.'Z_ c P
u
(B-21) 2R o+ or RUAKE D= Ty = .
o 5 C
R R F¢,

From (B-21) the ¢ © separated differential equations to be solved are

(3-22) F = -4°F
2 Y Yo
‘ 1 2 _
(8-23) Creeleoral oHwR=0

By basic calculus, the solutions to (B-22) and (B-23) rale the following ferms,
respectively

(B-24) F$ = Acos Yy ®*+B sin Y9

(B-25) R=CJ (kr)*+DN_ (k1
Y C Y c

where &, B, C and D are arbitrary constants.

Now establish that all other finld components are obtainable in terms of

the z-directed components by tne following relations:

jwep oMz .

-
[ TR 1

(B-25) E_= - _1_ +
r 2 Sr
k¢

B-3




d—

(B-27) o~ —i—— [z g% L 7! @ﬂ%:‘ ’
c

ar

LB E T e e L

(B-28) Hy = == jwe 3z .4 Mz ’
Kk r % 3R ]

C
(B-29) H. = - jwe a_E.Z. + Y b‘fi . ]
P EZ_ r r o :

™ and TE waves are now treated separately.

"
i
1
4
H)
%

'

™™ WAVES IN COAXIAL LINES

It is desired to derive expressions and cutoff relations for the TMyP
modes in (B-24) and B-25), where p pertains to the p th root of the Bessel

and Neumann functions.

For TM waves, boundary conditions require EZ be zero at r = a and b,

respectively. Hence

(B-30) A J (kea) * 30 {keca) = 0 ’
y Ty ¢ y 'y ¢
(B-31) Ay, (kcb) *+ B Ny (keb) = 0 ,
and the cutoff condition
Jy (kca) Jy (keb)

Solution to this transcendental equation can be done graphically. Specifically,

for b/a = 3.5 (case of highest Q), Ramo-Whinnery-Van Duzer LB] give the

following so'utions for the first p=1 roots.

(B-33) ™a) A = 2.2 (b-a)

(B-34) ™, A, = 1.76 (b-a) »

(B-35) ™9 Ac = 1.60 (b-a) »
etc.

B-4
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TE_WAVES IN COAXTAL LINES

In this subsection it is desired *o investigate cutoff relations for the

Y AEet W

TEyp modes.

Since the boundary conditions for TE modes require the derivative of

H7 be zero at the surfaces, then by differentiating (i3-30) and (B-31),

#

the cutoff condition is obtained.

(B-35) Ny kea) N (keb)
Jy (kea) Jy (keb)

For the p=1 roots, the cutoff wavelength for all other TE71 roots are

(=) 3 »=1,2,3... .

(B-37) Ac = 2T  bta
Yy 2

Thus the lowest order TE modes are

~ bta) _ (1o
(B-333 Ihll Ae = O2T ( 5 ) = 7 {bta) »
- ~ dbta\ _ T +
(B-39) 1E21 )\C ~ T ( 2 ) = (bta) »
21 for T (b+a)
. ~ ay = 7
(B-40) FE31 }\c = 3 ("‘2—) 3 ,
etc.

Now, investigate mode cutoffs for rypical b/a ratios. Specifically,
for the b/a ratio corresponding to highest Q (3.5), for the nwOl mode ;
from (B-33)

(B-41) Ac = 2.2(b-a) = 2.2 (3.5a-a) = 5.5a ,
from (B-38) for the TEll mode
(B-42) A. = M(b*a) = m(3.5a*a) = 4.5Ma = 14.2a

C

It can be concluded from (B-41) and (B-42) that the TEll mode will be the firar

higher order mode to occur and this mode will be treated in the balance of

this analysis.
B-5
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ol TON POR ih\l KLE(WKOMAUNRTlC FIELD COMPONENTS

PRSI

& oo

L2 throuch (R-29) for EZ = QO

[T BV

_ jwp olly

-

o kzr P
C

L. ixp oMz
o 2 ar

e internal cavity fields are taken as the sum of forward and reverst going

waves -
+ + -

- 2 Cos yZ Cos & LCJ; (ker) * ket 1o

(R-48)

poandary conditions required

(B-4Q) (k a) *+ DN, (k a) =70
C 1 C

-N1 (k a)
c.n
7

A ¢ a)
‘l (kca

Hence
o r . J, (k“I\
(o551 , yZ Cos P LJLL(kCr) Ve e, o)
/. 1 C
lekca)

tet H_ = C x 2
o




1o R IR - - Tt WY L TSRS -SRI, |
s ‘ -

”0 Cos y7Z Josd ‘Jl(kcr) -

from (B-43)

(B-53)

from (B-&44)

(B-54) D= j*H 1 Sin Y4 tos ¥
S o
c

from (3-45)

s Vs
10k a)XN] otk o1}
1 c 1 s

(B-55)

\

and from (B-46)

4
) 2 Si G ATk adfN, G 1)
Cos Y2 Sin ¥ Lll acr) l1 59? bl SR

N

P
1

OF ARBITRARY CONSTANTS
Since by definition of loaded cavity 4
(B-57)

(B-58) ] g?ﬂ = gtored ene., le .
w
Now recognizing the fact that the total stored energy/cycle ir the

electric and magnetic fields wmust be the same, then

(B-59) et av
volume




Lb2r
€t 2 2 L2 13, (k&)
(B-6M U= [ /;5;2 H_ Sin” YZ Sin ? L]l (k 1) _1_ c N, (kcr)J

o uo C N]. (kca)
. rdddrd:
L b 2r
L 22 2 .o 17 (& a) 2
+ ;i - Yo Sin Y2 Cos ¥ LJI (kcr) - E c_ |y (kc )j -rdBdrclz
o o C Nl (kca)
‘ b
(B-61) U= efulud m 1 3 &) 2
— =5 LJI (k r) -1 c N (k r)J dr
c
K 2 r V’ k a) 1 c
¢ a 1 2
2 2 9
+ (t& 22 n / 2
B “2 . [ l‘Ull(kcr) ) i-l——-(-k—c‘i) N (k r)‘\ dr :
k 2 4 1 c
c a N1 (kca)

Recognizing that the second integral contributes most of the energy, let

o] 2 y
A= cwzp.zﬂg m iwzy'!{g aA €Wy l%_ﬂic_
= T 2
22 8k’ Bl
(o] (o]

et i ’

wﬁ “W?) e = s T
2

bk 4 c il
C
37k a) R
B= "1 kca = 71 c’ ;
N (k_a) Nk b)
1 Cc 1 c
then
b
2
(B-62) v A e (] G p) * BN (k)] dr
a 1 c 1 c ’

B-8




ST 3 - SN SRR §. .

b
4 9
. ’ - 2 7 -
(B-63) U=A g r 3] G )] *+Br [NL (kcr)J dr
b 1 )
=a ey ko - I kD] dr
a c
b 2
+ A82 Cor [_N k 1) - L N, (k r),]h dr
J ¢ ¢ kr 1 o ’
a c
b b
. 2 2 ¢ 2
(B-64) U< ALrJ (kr)de*A3 N (k r) dr .
v o c C
a a
Now since
r2 2 -
= = ) (1 - {
Jr RS (k_r)dr = =5 ny K E) - Ry (k) Ry, (kD)
and J., (kr )=-J (k1) ’
-1 c 1 c
b2 2 a 2
(B-65 ssad > (2w + o] ww]- - 1P )+ J° ka)]
2 o 2 o) c 1l c

ST
5

2
2} % [2 . i
+ AB {T[No (kcb) N1 (kcb)]

[Nz(k a) M2 (k aﬂ} .
o c 1 c

Taking the identity, and equatioa (B-58)

(B-66) QP }% L "
! 1R aew) + B2 ke b) -ald (k a) -atR (k)
w 8¢ K2 o c 1 c o c 1 c
c

2 2
" *““i 82 Jo22 ko b) + b2 (k b) -a?N? (k a) -a’N% (k a)
- o c 1 c Q C 1 c
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Wk O
o ) v .0
i i H‘. = ..L,‘.uiz s
O
2 2 2 2 22 2 2
bz] (k b)Y + hz IZ kb)) 1T (kY o-a )] (ka)
o e 1 ¢ o < 1 ¢
. . SN I oo
+'32h),‘\12 (k b)) *th"N (k b) ~Bzazi'-2 (k Y -B7x \'2 (k a,‘r\.
o I 1 C O O 1 C ;
vy conclusion
: , 2 2 .2 .2
.2 o8qp : 8QF
Cheng) e = \\Lk('(‘!1 =0 \"’CQP = (;&) —(“-—-—,,- :(;‘) -Q_——“
Q e 5 TTTHRT o, T Ko m o
Ky T K| o ;,LTTAC Ky wie 1
Jhece
2 2 v 22 2 ]
{K-A9) k. = b . {k a) + I‘— (k b) J -a L»l (k ﬂ) +J (k u)‘\
i ke ¢ 1 c o c 1 c
17 (k a] . .
I B B T S R T
/. o) C l c
N (k a)
1 et
Jl/ (k ‘&ﬂ 2 .2 2 -
— < 1la WD (ka2 CH (kca)j .
N, (k a)
Ll ¢
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APPENDIX C

ANALYSIS OF MINIMUM fd PRODUCT TO PREVENT MULTIPACTING
FOR TEM MODE COAXTAL CAVITIES

»
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In this appendix the results of Appendix A are used together with the lower
bound on multipacting voltage (equatioa 3-1) derived within the text, to
compute minimum fd product to insure no multipacting for a given power level

and cavity loaded Q.

3
For a given peak cavity voltage, the minimum fd product below which ?

multipaction is supported is

(c-1) £4 = 0.894 vi-176 . ;

The derived expra2ssion for peak cavity voltage in terms of cavity parameters

L

is given via

1/2
(€c-2) V = 32"’198_Lr21_,<b/a)§ )
) T
Hence,
1.176
(C-3) £d = 0.89 32—UQ-P 1f21_.___(b/é)£ 5 )
) 1

The following Fortran computer program was written and executed to compute

numerical values:




a

// FQOR
#1ST SOURCE PROGRAM
#]0CS(CARD¢1132 PRINTERDISK)
25 READ(2¢50)X
50 FORMAT(10XeF10e3)
IF(X=C) 500500960
60 CONTINUE
C PROGRAM TO COMPUTE MAXIMUM CAVITY VOLTAGE .
C AS FUNCTION OF LOADED Q@ AND POWER !
PI=3,14159265 ‘
ETA=120e%#P]
C=Pl»e2
DO 200 I=1,10
QL=300.*]
WRITE (39250)
25C FORMAT(1H1»50HCOMPUTATICN OF COAXIAL CAVITY VOLTAGE VERSUS POWER/)
WRITE(3+300)XsQL
300 FORMAT(1HIs10HB/A RATIO=sF6¢2910Xs L6HLOADED CAVITY QueFr040G/7)
WRITE(3+301)
201 FORMAT(lH +10X914HPOWER IN WATTS 10X »19HPEAK CAVITY VOLTAGES
110X +20HMINIMUM FD IN MHZ=CM//)
£O 250 J=1,.100
- PaQal%J
A2 RQLHPHETAXALOG(X)
VESQRT (A/CQ)
FDRO.894%(VeR ,176)
WRITE(39400)1P4VeFD
400 FORMAT(1sXoF6e2918XsF12420¢18XsF1042)
350 CONTINUE
200 CONTINUE
GO TO 25
500 CONTINUE
STOP
END

FEATURES SUPPORTED
[ocCs

CORE REQUIREMENTS FOR
COMMON 0 VARIABLES 24 PROGKAM 290

END OF COMPILATION

/7 XEQ

The numerical results of the program execution are plotted in figures 3-2

through 3-4 in the main text of this report.

c-2
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The purpose of this appendix is to investigate the stability of c.axial
cavities as related to multipactor or gas breakdowns. In the approach taken,
the mechanical thermal expansion of the center conductor element is computed
for two different types of breakdowns in order to verify whether or not the
mechanical geometrice! changes due to heating are significant; that is,
breakdown between center conductor and top wall, and breakdown between center

conductor and sidewalls.

Case 1. Breakdown between top of the coaxial center conductor and the top of
the coaxial cavity, as illustrated in figure D-1.

For this case assume the entire heat load is conducted into the top
of the center conductor element. From thermodynamic relations, the applicable

differential equation is

(D-1) dr = - - __GQ
dx kA 2
kima )

wher k is the coefficient of thermel couductivity, q is the heat input in
1 2, . ) 2
BTU/hr, and (ma”) is the center conductor cross sectional area in ft . By

integrating (D-1),

(D-2) T = ”_935_5__ +c
k(ma™)
from boundary conditions; at x=0, T=Ta, therefore C1 = Ta and
(D-3) 1= % 47 .
2 A
k(ma)

Now, the differential thermal expansion of a linear element is related

to temperature change and the coefficient of linear expansion, ¢ , via

(n-4) AL=La AT

D-1
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Figure D -1. Breakdewn betweer center conductor and
top wall of coaxial cavity.




where AT is in OF, L and AL are in units of feet. From this relation and

(D-3) a worst case expansion can be evaluated on the basis of

2
(D-5) AL=La(r-1,) = 29L& .

2
k(ma )
Ihis length change can be related to a change in the resonant frequency of the
cavity by assuming the center conductor to be a quarter wavelength at the

resonant wavelength. Then

(D-6) L+2al A ,
4
k{ma™)
(D-7) 2\2 L R ’
16 k(naz) 4

from wi.ich the result is

-y

(p-8) Ao _ f_ _ 1 .

At {1 *lea Ay

o]

4 k(ﬂaz)

It is now an academic interest to specifically evaluate (D-8) for ccrtain special
conditions. Assume the cavity material to be aluminum, the following

constants are obtained from the material handbooks:

a (Er/£L/°F) = 0.000013 = 13x10°°
k (BTU/hr-ft-°F) = 140 .
Equation (D-8) is then expressed
(D-9) £ ! = .
fo ~ [1 + 2.32x107 gr_\_q]
L nal

At this point in the development, it is convenient to characterize a breakdown
in terms of breakdown power density P (watts/cmz). Since the heat input, q,
is related to watts via

(D-10) q(BTU/hr) = 3,413 q(watts)

D-3
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then, in terms of the power density P,

2
3.413 qi{watts) = 3.413PA = 3.413F (7a )

(D=11) q(BTU/hr) =
From (J-1¢) and (D-11),
1
(D-12) £ " .
f P. + 2.42x10 PA ]
(o] (o]

Considering a VHF cavity (250 MHz),

meters in which case

(D-13) £ L .

£ o1 3.10x10°% P

This result is plotted in figure D-2.

D-4

a wavelength is approximately 122 centi -
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Breakdown between center conductor and the sidewalls.

From the mu'tipacting and gas breakdown equations, it is noted that for

a fixed fd producr, multipacting breakdown can occur over a range of voltage.
Since the voltawe distribution along the center conductor varies in approximately
a sinusovidal fashion, there will be a range of center conductor area over which
breakdown will occur, as illustrated in tigure D-3. To simplify the analysis,
once again assume that the breakdown can be characterized by a breakdcwn

. D 2 .
sower density P watts/cm ) over the breakdown region of the center conductor,
f ) g
resultart heating of the center conductor with thermal expansion and a corres-

ponding shift in frequency.

lhis condition is more difficult than case 1, and it is necessary to
treat the problem in terms of two independent solutiens: solution in the break-
down region (region 1) where uniform heating over the center conductor exists,
and a solution in region 2, where the breakdown heating power is condu-ted

awav .

From thermodynamic relatione, the applicible differential equation in

region 1 is given by

2

(b=14) (121' : r)
dx kna2

\

where ) = q/(L-D}. q is total heat input in BIU/hr, as before. In region 2,
the applicable differential equation is (D-1), as before. and also the solution

is piven via h-13);

[ o= qx + T

2
k(ma“) A

Integrating (D-14) once with respect to x, obtain

(D-15) Ut S

k mal (L.; 2
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The differential equation applicable in region 2, (D-1), may be

substituted here to evaluate the arbitrary constant. At x =D
(D-lﬁ) _C_l_I = g = qD + C
d L (mad) xmal (L-D) 2
from which
- = -9 __ . b .
(D-17) <, = L - @
kma

Now, integrating (D-15) a second time

(D=18) T = —J%;————
kma® (L-D)

Evaluating the arbitrary constant C3

with respect to x, hence the relation

2
+ 9

D
ma? L1 - Tmi ¥t -

Mlx

by matching (D-18) with the solution

in region 2 at x = D given by (D-3), the final result is

(D-19) 5
k{(ma™)

qu

T—_QR__ + T

2
. _9qD qD . D +
- 2 * 2 [1 (L—D)] C3
2kma (L-D) kTa

+ ab R - 2 A C

?kﬂaz(L-D)

from which

=T +

(D-20) Cq A

__ab
2kma® (L-D)

wra?  kmal(L-D)

2

and in conclusion, the temperature distribution within region 1 is given by

a 2
(D-21) T = . qg | + q2 [l _(IQ_)} X + [TA + ﬂ__ﬂgi_-__ ] .
knma“(L-D k7a -D 2kma“ (L-D)

D-8
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A detailed analysis of this problem from this point on is difficult; however,

a worst case analysis is arrived at by assuming a breakdown encompassing

the entire center conductor (D = 0), for which

2
(D=22) T = gX + _aX

2kﬂazL kTa

2 A :

Once again, the linear expansion of the center conductor due to heating
is related to the coefficient of linear expansion via equation (D-4).
Now proceed to rumerically evaluate the thermal expansion of the center conductor
due to heating, which is an indirect of the gaseous or multipacting type break-

down. A worst case estimate of expansion is found vie

(D-23) AT=TT = o . @b . ab . gl ‘
2kra’l  KTa 2kma”  kma© ~;
!
AT =3 . = i
2 " kma '
1.5 qL°

kTa :
As before, center conductor length change can be related to the frequency by

assuming the center conductor to be a quarter of a wavelength as the rescnant

frequency.
l.5« L2 A
(D-25) L+ =232 - 2 , b
kﬂa2 4
x 2o
(D-26) o + l.5aq o A
—Z —_— 2 4 ]
16 kna
from which
(D=27) A 1
o= f
A = 0.3750(])\0 .




Lsine the handbook values of @ and k for aluminum as in case 1, (D-27)

then is expressed

£ - 1 ——

(D-28) fo . 3.46x10° 0 q A

)]

2

Ta

1" 1t

1f K\ and "a' are ecxpressed in centimeters and g in watts
<

1

(D=2Y = - -f -
D-29) %g L1+ 3.62x107 QX )

2
ma
Once apain, it is convenient to characterize a breakdown in terms of breakdown
. o 2. Vs
power density Plwatts/cm J. But for this case, the area exposed to the breakdown

is the side walls of the center conductor; hence,

(D-30) A = 2mal
_ 1
(D-31) [ T - .
s [1 +7.260107" PA_L ]

a

But assuming L is approximately a quarter wavelength

(D-32) £ _ - b
fo  [1 * 1.81x107" PXx_ ]
-2
. 1
(D-33) £ ——
fo [1 + 1.81x107 PA
PR ol
(a/X )
Q

ihis shows that this breakdown condition is in a sense simitar to the breakdown
equation for case 1 given by (D-12); however, it is worsened by the inverse of
(a/Ao). It appears that making '"a" large as possible minimizes the thermal

effects of breakdown for this breakdown mode.




Specifically, to compare results of this breakdown mode with that of

case 1, consider a VHF cavity (250 MHz). A wavelength is approximatelv

127 centimeters in which case

(D=34) £ _ - T
fo  [1 +2.22x10° " P
(a/XO)

The results of the computation of frequency shift due to thermal heating

for this case (casc. 2) are also plotted in figure D-2.

D-11




APPENDIX b

EXAMPLE DESIGN OF MULTICOUPLER CAVITY
WITH MINIMUM SUSCEPTIBILITY
TO CORONA MULTIPACTOR BREAKDOWN



As an example, a multicoupler shall be designed using the information in

Section 5.0 and figure 5-1.

Since the information in figure S5-1 is straightforward, in this example

figure 5-1 shall be changed to cover the general case. Thirc is shown in figure

E-l.

lhe following is an example of rhe use of Figure :-1.

Step A

Step B

Step C

Step F

Specify cavity power, QL’ and frequency : for example,

cower ¥ 3 watts
g = 100
frequency = 250 Mz .

Find a value of "a"

a_l;{j om (76.7) - 51]A

3035

a = 3.98 centimeters.

1s this value of '"a' below TEll cutoff and ccnsistent with

maximum allowable physical size ?

a
te., cutoff = A _ ,
il Y = 8.5 centimeters.

"a' {5 below TE,, cutoff, but assume the value of "a' computed

11
in step B is not consistent with the maximum allowable physical

size. Then proceed to step F.

Pick a highest practical value of '"a" that is below rEll cutoff and

consistent wi'h maximum allowable physical size. Assume mechanical

constraints limit "a" to a value of 2 centimeters.

E-1
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e sy o .

‘ START ’

SPECIFY CAVITY POMER

A,
Q AND FREQUENCY

l

FIND A VALUE OF "a"
FROM

8. lJ;’P 76,7 510

.= 03

(¥

1S TH1S VALUE OF "a"
BELOW TE,, CUTOFF AND

NOTE: The frequency is

in MHz. and all
distancesare in cm.

PICK A HICHEST PRACTICAL
VALUZ OF "a" THAT 1S
BELOW TE;, CUTOFF AXD
COMSTANT WITH MAXIMUM
ALLUMABLE PHYSICAL SIZE

DECIDE WHETHER TO

CAVL 1ES OR A SINCLE

SINGLE

N

LSTIMATE MINISM & TO
PREVINT MULTIPACT FROM

V‘-E%S-J_',‘

S o atey U o
[] %

[L. corTE b/a |

Co CONSISTENT WITH MAXINUM
ALLUWABLE PHYSICAL S1ZE
YES NG
cu AOH
v 76,7 QP @
o. 14 ) r.
1476 O3
(8% ¥
> f ‘s
I. COMPUTE b/a J c. UTILIZE CASCAD
CAVITY
CASCADED
DETEKMINE N AND Q OF A
SINCLE SECTION PROM
AR ]
]
Q- !L_P.Lﬂ!l (3)
N - in 2 )
o’
—
in| 1
ESTIMATE MINIMUM b TO
PREVENT MULTIPACTING
(4]
Lt aog v, 1:176 4 )
e P A5 W ._
| 7T TWAUIE b/ 1
Figure E-1

Flow chart {llustrating design
procedures to eliminate ccrzn:z
and multipactor breakdown in

sulticouplers.
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Step K

Step L

Step H

Decide whether to utilize cascade cavities or a single cavity.
T> decide this, try to use only a single cavity and see
what it looks like.

Estimate minimum b to prevent multipaction

V. = 30)3\5(2) + 51 = 101 volts

N

, 1.176
b =(;_24§%Ql)) +2 = 2,8193 centimeters .

Compute bt/a

b/a = gL%L2 = 1.4

Since larger values of b can be used, giving larger b/a ratios, it
may be desirable to use a b/a ratio of 3.65 (see figure 3-5) which
will result in highest Q. Then

b = (3.65)a = 7.30 centimeter,

Note that the Q of this cavity is now (equation (5) in figure E=1):

2
q = (10D 3.013_1_= 4.7

By using cascaded cavities, the Q can be increased. Therefore,

returmming to Step G, the cascaded procedure will now be illustrated.

Determine N and Q of » single section

V = 101 volts
(1o1)? co13l) _

= = 7
Ql 3 ah,
2 __,
N = ln[( ‘.-7; +1 :3-7 e § 1‘ .
(170)
£-3

s caloAR i T S ~ - A




Step !

Step !

The required number of cavities is found to be 4. [If a lower

value of Ql can he tolerated., fewer cavities can be used,

Yetermine minimim H to prevent multipacting.

L8894 (10]) bodin > SL8193 centimeters .
b= ~—Fg"
250
Compute b/a
b/a = é*ng = 1.4

1f desired t iacrease the .~/a ratio to .05 for ontimum Q,

then b is increased to

b= 3.65a = 7.3 centimeters .
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